Analysis of iron transporters in the soybean (Glycine max (L.) Merr.) genome by Stribe, Dan
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2012
Analysis of iron transporters in the soybean
(Glycine max (L.) Merr.) genome
Dan Stribe
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agronomy and Crop Sciences Commons, Bioinformatics Commons, and the
Genetics Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Stribe, Dan, "Analysis of iron transporters in the soybean (Glycine max (L.) Merr.) genome" (2012). Graduate Theses and Dissertations.
12478.
https://lib.dr.iastate.edu/etd/12478
  
 
Analysis of iron transporters in the soybean (Glycine max (L.) Merr.) genome 
 
by 
 
 
Daniel R. Stribe 
 
 
 
 
 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
 
 
 
 
Major: Plant Breeding 
Program of Study Committee: 
Randy C. Shoemaker, Co-Major Professor 
Silvia R. Cianzio, Co-Major Professor 
David M. Grant 
Philip M. Dixon 
 
 
 
 
 
Iowa State University 
Ames, Iowa 
2012 
Copyright © Daniel R. Stribe, 2012. All rights reserved.
ii 
 
 
TABLE OF CONTENTS 
LIST OF TABLES iv 
LIST OF FIGURES v 
CHAPTER 1.  GENERAL INTRODUCTION AND LITERATURE REVIEW 1 
Iron Deficiency 1 
Availability and Iron Homeostasis 3 
Genes Involved in Iron Homeostasis 5 
Sequences & Motifs 9 
Evolution & Phylogenetic Alignment 10 
CHAPTER 2.  ANALYSIS OF IRON TRANSPORTERS IN THE SOYBEAN 
(GLYCINE MAX (L.) MERR.) GENOME 12 
Abstract 12 
Introduction 13 
Materials & Methods 15 
Identification of Soybean AtIRT Homologs 16 
IRT Homolog Alignment 17 
Identification of Motifs Upstream of the IRT Homologs 17 
Phylogenetic Analysis 18 
Transcript Accumulation of the IRT Homologs in Multiple Tissues 19 
Homoeologous Regions of IRT Homologs 19 
Results and Discussion 20 
Identification of Soybean AtIRT Homologs 20 
IRT Homolog Alignment 21 
Identification of Motifs Upstream of the IRT Homologs 23 
Phylogenetic Analysis 24 
Transcript Accumulation of the IRT Homologs in Multiple Tissues 25 
Homoeologous Regions of IRT Homologs 27 
Conclusion 30 
Tables and Figures 33 
iii 
 
 
CHAPTER 3.  GENERAL CONCLUSIONS 45 
APPENDIX 48 
REFERENCES 53 
iv 
 
 
LIST OF TABLES 
Table 1.  Position and Size of IRT Homologs with Results of TBLASTX 
Query in A. thaliana IRT1, IRT2, IRT3 33 
Table 2.  Similarity of IRT Homologs to ZIP Family Genes as Indicated by 
TBLASTN E-Value
,
 34 
Table 3.  The Variable Region between TM3-TM4: Number of Histidine 
Residues in IRT Homologs when Aligned with A. thaliana IRT1 35 
Table 4.  Point Mutations Known to Affect Transport in A. thaliana IRT1 and 
Aligned IRT Homologs
,,
 36 
Table 5.  Severin et al. (2010) Transcript Accumulation Data Reported for IRT 
Homologs
, 
 37 
Table 6.  Libault et al. (2010) Transcript Accumulation Data Reported for IRT 
Homologs
, 
 38 
Table 7.  Corresponding Regions of Soybean Genome Duplication for IRT 
Homologs and Similarity to A. thaliana IRT1 and IRT3 
,
 39 
Table 8.  Gene Models Returned from a TBLASTX Query of Other Species, 48 
Table 9.  TBLAST N E-value of Returned IRT Homologs Compared to Known 
A. thaliana IRT Genes 49 
Table 10.  Accession Number and Sequence ID of Relevant Genes 50 
Table 11.  Synteny: A. thaliana IRT1 and A. thaliana IRT2 on Chromosome 4 
vs. Soybean 51 
v 
 
 
LIST OF FIGURES 
Figure 1.  Alignment of Gene Models with A. thaliana IRT1 by using 
ClustalW2 40 
Figure 2.  ClustalW2 Alignment of IRT Homologs vs. A. thaliana IRT1 in the 
Variable Region between Transmembrane III and IV (position 136-184) 41 
Figure 3.  Motif Discovery within the IRT Homologs and Similarity to Known 
Motifs 42 
Figure 4.  Alignment of Motifs in 1,000 Bases Upstream of IRT Homologs 43 
Figure 5.  Phylogram Tree with Genetic Distance between Nodes of the IRT 
Homologs, A. thaliana IRT1, A. thaliana IRT2, A. thaliana IRT3 and 
E103A Mutations Identified 44 
Figure 6.  A. thaliana IRT1 (Rogers et al. 2000) 52 
  
1 
 
 
Chapter 1.  General Introduction and Literature Review 
Iron Deficiency 
Plants require iron for photosynthesis, respiration and other metabolic processes (Briat 
and Lobreaux, 1997).  Iron uptake, transport and storage are strictly regulated to avoid 
the dual threats of toxicity and deficiency, while maintaining healthy plant development 
(Briat et al., 1995).  Iron deficiency occurs when iron is unavailable to the plant, either 
through insufficient supply or a lack of iron in the correct (ferrous) form.  Iron Deficiency 
Chlorosis (IDC) is prevalent in the high pH, calcareous soils of soybean fields in the 
Midwest (Hansen et al., 2003).  Soils that contain high moisture and an abundance of 
soluble salts also impede a plant’s ability to uptake ferrous iron (Hansen et al., 2003).  
Iron Deficiency Chlorosis (IDC) symptoms include yellow leaves with green veins 
(interveinal chlorosis), stunting, and significant yield losses.  These symptoms result from 
decreased chlorophyll production and photosynthesis, initiated by iron stress (Spiller and 
Terry, 1980; Terry, 1980).  Additionally, iron deficient plants accumulate unwanted 
heavy metals, such as cadmium (Cohen et al., 1998).  IDC can reduce domestic soybean 
production by 12.5 million bushels annually (Froehlich and Fehr, 1981; Hansen et al., 
2004; Inskeep and Bloom, 1987).  This demonstrated loss in production and reduced 
profitability for growers creates a significant opportunity for researchers to reduce the 
impact of IDC and favorably impact soybean production. 
 
Various IDC management strategies exist.  Iron chelates applied in soil and foliar sprays 
have been shown to improve yield (Schenkeveld et al., 2010).  However, iron chelates 
can have a negative interaction with herbicides, resulting in limited weed control and 
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unintended yield loss (Franzen et al., 2003).  Varietal selection may be the most effective 
solution.  However, the net effect of planting IDC resistant varieties in fields with only 
pockets of vulnerability can lead to overall yield reduction (Helms et al., 2010).  
Maximum yield is best achieved through an integrated approach of targeting IDC-
resistant varieties in iron deficiency prone areas of the field and planting non-resistant, 
high-yielding varieties in areas where IDC is not a problem (Helms et al., 2010). 
 
Iron not only plays a significant role in cellular functions and impacts the health of plants 
but also of animals. In humans, the relevance and broad developmental impact of iron is 
similar to plants, as the need for iron begins before birth and continues through 
adulthood.  Women who are pregnant or post-partum and children have the largest iron 
requirements.  Unfortunately, most infants in developing countries primarily rely on 
breast milk as a source of dietary iron, and the low availability of iron in the mother’s diet 
results in an iron poor milk (Dewey and Chaparro, 2007). 
 
The potential human health benefits, along with the economic impact of improved iron 
utilization on animal feed and biofuels, drive substantial ongoing efforts to 
comprehensively understand iron homeostasis.  One of the ways to influence a plant’s 
ability to provide consumable iron is to alter the genetic and metabolic pathways that 
control iron homeostasis.  Within these pathways, understanding the functionality of iron 
transport genes will establish a framework that defines the path forward.  Realizing there 
are a multitude of pathways, comprised of numerous genes, the task seems daunting.  
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However, the availability of comprehensive data and high throughput analysis are critical 
to gathering the information needed to provide resolution. 
Availability and Iron Homeostasis  
Iron exists in two forms, ferric (Fe
3+
) and ferrous (Fe
2+
) iron.  A plant becomes iron 
deficient when iron is unavailable either due to a lack of iron in the soil or when iron is 
predominantly present in the unfavorable (ferric) form.  Although there is typically an 
abundant supply of iron in the environment, it is usually found in the fully oxidized form 
that is sparingly soluble at neutral or alkaline pH levels.  This dichotomy renders most of 
the iron in soils unavailable for plant uptake (Guerinot and Yi, 1994).     
 
Iron uptake in plants can occur by two pathways.  Strategy I is an inducible reduction 
mechanism, while Strategy II employs a chelation approach (Römheld, 1987; Takagi et 
al., 1984).  During iron deficiency stress (IDS), graminaceous plants use Strategy II 
uptake mechanisms to increase production of chelating agents that facilitate Fe
2+ 
uptake 
through acidification of the rhizosphere causing an increased Fe
3+
 reduction at the root 
surface (Römheld, 1987). These ferric iron-chelating phytosiderophores, i.e. mugineic 
acids such as nicotianamine (NA), 2’deoxymugineic acid (DMA), mugineic acid (MA), 
epihydroxymugineic acid (epi-HMA), also function in a high-affinity iron uptake system 
(Römheld, 1987; Romheld and Marschner, 1986).   
 
In comparison, Strategy I plants utilize mechanisms that increase ATPase-driven proton 
extrusion to acidify the rhizosphere. This causes the solubilization and reduction of ferric 
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(Fe
3+
) iron to the ferrous (Fe
2+
) form that can be moved into the plant by root transporters 
(Römheld, 1987).  
 
Interestingly, although both Strategy I and II rely on reduction of iron to the ferrous form 
before transport into the cell, this is accomplished using different chemistries and uptake 
is by different transporters. Once taken into the root citrate in the xylem and 
nicotianamine in the phloem chelate iron during transport to prevent free iron from 
generating detrimental free radicals (Briat and Lobreaux, 1997).  Iron stores are located 
in the cell’s vacuole, in addition to the chloroplast and mitochondria (Briat and Lobreaux, 
1997).   
 
The main uptake strategy in which a plant engages does not preclude use of the alternate 
method as orthologous IRT genes have been identified in many species, regardless of 
their uptake strategy (Charlson and Shoemaker, 2006).  For example, orthologs of IRT1 
exist in rice, a Strategy II plant.  These genes, OsIRT1 and OsIRT2, are primarily 
expressed in the roots, upregulated when iron is deficient, and rescue yeast mutants that 
are defective in iron uptake (Ishimaru et al., 2006).  Collectively, these characteristics 
imply the ability of a graminaceous plant to perform Strategy I uptake, in addition to its 
default Strategy II.  Similarly, it has been established that several dicotyledonous species 
are able to acquire iron through either uptake strategy (Römheld, 1987).  
 
Iron homeostasis is critical for DNA replication and growth.  A lack of iron or an excess 
supply has been shown to negatively affect the replication of DNA.  For example, an 
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oversupply of iron can cause damage to DNA, proteins and lipids, resulting in death 
(Winterbourn, 1995). There are also significant implications to excess iron, which has 
been shown to result in stunted growth and a decrease in cyclins in yeast, impeding the 
cell cycle at G1 (Philpott et al., 1998).  It is unlikely the stunted growth was symptomatic 
of damaged DNA, as enzymes that are known to be involved in DNA repair were 
unaffected.  Iron depletion is equally detrimental, similarly halting the cell cycle at G1 
and inducing apoptosis (Yu et al., 2007).  The replication and repair mechanisms in 
soybean are also affected by a depleted iron supply.  As evidence, the genes involved in 
DNA replication and repair were over-expressed in a microarray study performed under 
iron stress conditions. (O'Rourke et al., 2009).  This research suggests that iron stress 
alters DNA replication processes, although it is unknown if iron stress individually 
affects DNA replication or repair or results in damage to both.   
Genes Involved in Iron Homeostasis 
Iron homeostasis is regulated by a number of genes that have been identified through 
numerous research studies.  Of these genes, IRT1 was identified in A. thaliana as the first 
iron-regulated transport protein in the ZIP metal transport family using functional 
complementation of the fet3fet4 (defective in iron uptake) yeast transport mutant 
(Askwith et al., 1994; Dix et al., 1994; Eide et al., 1996).  It has been subsequently shown 
that soybean and other legumes uptake ferrous iron through IRT (Vert et al., 2002). 
 
Since the identification of IRT1, various researchers have clarified the role of this gene in 
plants.  Upon sensing of Iron deficiency, IRT1 is up-regulated at pH <4.2, and initiates 
metal transport into the plant (Eide et al., 1996; Korshunova et al., 1999).  Conversely, 
6 
 
 
IRT1 transcript levels decrease when iron supply is sufficient, or elevated levels of zinc 
or cadmium exist (Connolly et al., 2002) .  The uptake of Iron is managed by IRT1 
through transcript and protein accumulation controls, and is up-regulated when Iron 
supply is limited (Connolly et al., 2002).  IRT1 expression has also been shown to 
predominantly occur in the outer root tissues and is regulated through net proton 
extrusion and light (Vert et al., 2002; Zhao and Ling, 2007). 
 
The role of IRT1 is complex and critical to aspects other than iron homeostasis and 
maintaining plant health.  Interestingly, IRT1 mRNA accumulates preferentially in the 
roots of iron-deficient plants (Eide et al., 1996) but not in the roots of zinc-deficient 
plants (Connolly et al., 2002).  However, it is clear that IRT1 is physiologically required 
for zinc and iron homeostasis.  As evidence, the irt1 mutant phenotype exhibits bleaching 
in sufficient iron and limited zinc conditions, which suggest functional redundancy of 
iron and zinc transporter genes (Henriques et al., 2002).  The broad role of IRT1 is 
supported through the demonstrated accumulation of zinc, manganese, cobalt and 
cadmium (Vert et al., 2002).   
 
IRT2 is also important for iron homeostasis.  Under iron deficient conditions, IRT2 is up-
regulated and aids in iron acquisition, although not to the level of its closest homologue, 
IRT1 (Vert et al., 2002).  In iron deficient conditions, the expression of IRT2 in root 
tissue has been shown to be two orders of magnitude less than that of IRT1, yet in iron 
sufficient conditions IRT2 remains expressed, unlike IRT1 (Vert et al., 2001).  IRT2 is 
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transcriptionally regulated and expressed in the sub-apical root zone, not shoots, of plants 
with unavailable iron (Vert et al., 2001).   
 
One could postulate that IRT1 and IRT2 perform redundant functions, due to their 
sequence similarity and analogous behavior.  However, the A. thaliana knockout mutant 
(irt1) displays severe chlorosis prior to seedling death, in spite of increased IRT2 root 
expression (Henriques et al., 2002; Varotto et al., 2002; Vert et al., 2002).  Additionally, 
the loss of function irt2-1 mutant does not exhibit the typical iron deficiency phenotype 
(Varotto et al., 2002; Vert et al., 2009).  As with IRT1, functional complementation of the 
fet3fet4 (defective in high and low affinity iron uptake) yeast mutant can be accomplished 
by IRT2 (Vert et al., 2001).  However, Zinc uptake in the zrt1zrt2 (defective in high and 
low affinity zinc uptake) mutant is rescued more efficiently by IRT2, demonstrating 
unique specificities of these iron transporters (Vert et al., 2001).  Furthermore, IRT2 does 
not transport manganese or cadmium in yeast, unlike IRT1 (Vert et al., 2001).   
 
Although IRT1 is the only transporter required for iron uptake (Colangelo and Guerinot, 
2004), IRT2 transcript levels in roots increase when IRT1 is not functional and iron 
deficiency exists (Henriques et al., 2002).  Unlike IRT1, IRT2 is expressed when supplies 
of iron are sufficient, and is less actively engaged in periods of iron deficiency (Vert et 
al., 2001).  Since IRT1 and IRT2 are differentially expressed in iron deficient and iron-
replete plants, IRT1 could be responsible for uptake, while IRT2 may be involved in 
housekeeping functions (Vert et al., 2001).  Similarly, others have hypothesized IRT2 
might prevent iron toxicity, since it is not directly responsible for iron uptake (Vert et al., 
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2009).  Further resolution could be achieved by investigating the tissue in which IRT2 is 
expressed, the corresponding level that expression occurs, and the enabling conditions 
that regulate this gene’s activity.  
 
Due to up-regulation of IRT1, an over accumulation of iron, zinc, manganese and 
cadmium can occur when IRT2 is over-expressed in A. thaliana (Vert et al., 2002). This 
suggests a linked role in homeostasis, possibly regulated by the transcription factor, FIT 
(Fer-like Fe-deficiency Induced Transcription Factor 1) (Vert et al., 2009).  FIT regulates 
many individual genes that collectively control iron homeostasis in A. thaliana, including 
IRT1, IRT2 and FRO2 (Colangelo and Guerinot, 2004).  FIT may also deter turnover of 
IRT1 in deficient iron conditions (Colangelo and Guerinot, 2004).   
 
FRO2 (Ferric Chelate Reductase) and IRT1 are co-regulated and are under transcriptional 
and posttranscriptional control, demonstrating the importance of regulating essential, yet 
potentially toxic metals (Connolly et al., 2002; Dix et al., 1994).  The FRO2 gene has 
been cloned in A. thaliana (Robinson et al., 1999).  IRT1 and FRO2 are activated within 
24 hours of placement in iron deficient conditions. Within 12 hours of iron sufficiency, 
IRT1 transcript levels drop (Connolly et al., 2003; Connolly et al., 2002).  Iron reduction 
activity by FRO2 is a bottleneck in iron acquisition (Connolly et al., 2003).  IRT2 is an 
intracellular protein that is also co-regulated with IRT1 and FRO2 (Vert et al., 2009).   
 
IRT3 was named such because of its similarity to IRT1 (Eide et al., 1996), but was 
subsequently shown to be more similar to AtZIP4 (Grotz et al., 1998).  It has been 
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demonstrated that AtZIP4 is active in the roots and shoots of Zinc-deficient plants, 
suggesting this gene may transport Zinc within the plant (Grotz et al., 1998).  In contrast 
to IRT1, IRT3 responds to Zinc levels and functions as a zinc and iron transporter in A. 
thaliana (Lin et al., 2009).  AtIRT3 and ZIP6 are up-regulated under nematode 
infestation (Hammes et al., 2005), signifying these genes may also compliment the 
plant’s nematode defense mechanism. 
 
Acidification of the rhizosphere through proton extrusion is a Strategy I response to iron 
deficiency stress and is primarily regulated by the plasma membrane (PM) H+-ATPase 
isoforms AHA2 and AHA7.  IRT1 and AHA2 activity primarily affect the potential to 
acidify the rhizosphere (Santi and Schmidt, 2009).  AHA7 is co-regulated with IRT1 and 
FRO2, although AHA2 is not believed to be regulated by FIT, suggesting a parallel 
pathway (Santi and Schmidt, 2009).   
Sequences & Motifs 
As stated above, IRT1 was identified in A. thaliana as the first iron-regulated transport 
protein in the ZIP metal transport family (Askwith et al., 1994; Dix et al., 1994; Eide et 
al., 1996). The structure and pattern of genes in the ZIP family is well documented.  ZIP 
family members have eight trans-membrane domains, with a variable, histidine-rich, 
intracellular loop between trans-membrane (TM) domains III and IV.  ZIP proteins in A. 
thaliana range from 326 to 425 amino acids, primarily due to the variation in size and 
sequence of the intracellular loop between transmembrane III and IV (Maser et al., 2001).  
IRT1 in A. thaliana has 339 amino acids and a HGHGHGH motif in this region (Eide et 
al., 1996) with the N and C terminal ends residing outside the plasma membrane.  An in 
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vitro thermodynamic analysis of peptides PHGHGHGHGP in the intracellular 
cytoplasmic loop, revealed a high affinity for Fe3+ and a low affinity for other metal ions 
transported by IRT1 (Grossoehme et al., 2006).  Metal transport is not inhibited when 
histidines in the intracellular region are mutated to glutamine, demonstrating their non-
essential role in metal uptake (Grossoehme et al., 2006).  
 
Research has also identified functional importance in various regions of IRT1.  Among 
highly conserved residues in the ZIP family, substrate specificity is located in amino acid 
residues between transmembranes II & III that individually affect transport ability and 
specificity of genes (Rogers et al., 2000).  For example, replacing a glutamic acid in the 
extracellular loop at position 103 with alanine, elicits altered metal specificity that 
eliminates the plant’s ability to transport zinc (Rogers et al., 2000).  Additionally, a total 
loss of transport function occurs through the mutation of histidine residues in 
transmembrane domains IV and V (Rogers et al., 2000).   These observations confirm the 
importance of the variable, transmembrane regions and the inherent distinction that is 
encoded at a single position.   
Evolution & Phylogenetic Alignment 
The conservation of orthologous genes implies a degree of functional necessity through 
evolution (Altschul et al., 1990), whereas the conservation of paralogous genes is 
intuitively less informative and likely due to a genomic event within the species.  The ZIP 
family of A. thaliana has 15 members, which can be divided into four groups upon 
alignment of their predicted amino acid sequences (Maser et al., 2001).  These genes 
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range in amino acid similarity from 38-85% and many are homologous to transporters 
identified in other species (Maser et al., 2001).   
 
The recent publication of the whole genome sequence of soybean (Schmutz et al., 2010) 
has made it possible to analyze soybean gene families in their entirety. The importance of 
soybean in the U.S. economy and the significant impact of iron on soybean health and 
production make it important to understand all that we can about genes involved in iron 
homeostasis. The purpose of this research is to identify putative Iron-Regulated 
Transporter genes in soybean.   One of the objectives of this study is to structurally 
characterize these genes and examine their relational phylogeny.  Additionally, gene 
sequence data and gene expression patterns will be considered to differentiate each 
gene’s role in iron homeostasis of soybean.  The sum of these intents will provide a 
comprehensive view of IRT genes in the soybean genome.    
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Chapter 2.  Analysis of Iron Transporters in the Soybean (Glycine max (L.) Merr.) 
Genome 
 
Modified from a paper to be published in The Plant Genome 
 
Daniel R. Stribe
1
, David M. Grant
1,2
, Jenna L. Woody
3
, Gregory A. Peiffer
2
, Silvia R. 
Cianzio
1
, and Randy C. Shoemaker
1,2
 
Abstract 
Iron plays a significant role in numerous cellular functions. Improved uptake and 
efficiency of use can have strong positive effects on the health of plants, animals and 
humans. Major players in iron homeostasis are the Iron-Regulated Transporters (IRT). 
The purpose of this research is to identify putative Iron-Regulated Transporter genes in 
soybean, structurally characterize these genes and examine their relational phylogeny.  
Additionally, gene sequence data and gene expression patterns will be considered to 
differentiate each gene’s potential role in iron homeostasis of soybean.  In this study, we 
identified fourteen soybean gene models with significant predicted protein similarity to A. 
thaliana IRT genes by comparing translated amino acid sequences from nucleotide 
sequences. Two gene models are most similar to AtIRT1/AtIRT2, while a third protein 
sequence is most similar to AtIRT3.  Predicted protein similarity between soybean IRT1-
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2
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3
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like genes and those in four other plant species was also determined. The gene models 
with the best soybean- A. thaliana similarity to IRT1 were also the best matches in these 
species.  Examination of genomic regions in which the genes reside revealed that ten of 
the fourteen gene models are found in five homoeologous syntenic regions indicative of 
large-scale genome duplication events. The fourteen IRT1-like gene models were aligned 
using ClustalW2 (Thompson et al., 1994).  Upon alignment, we identified four gene 
models with point mutation at the 103
rd
 residue, which suggests they lack zinc transport 
function. Two sets of RNASeq data from iron replete Glycine max plants at various 
growth stages and plant tissues were examined to evaluate the fourteen gene models.  
Two of the three gene models with the highest root transcript accumulation also have the 
highest sequence similarity to AtIRT1 and AtIRT3, respectively.  One of the gene models 
is most analogous to AtIRT1 in that it has the highest sequence similarity and minimal 
root transcript accumulation under iron-sufficient conditions.  In lieu of iron-deficient 
transcript accumulation data, one could reasonably conclude that that gene model is the 
IRT1 ortholog in soybean.  The ensemble of these data provides a comprehensive view of 
the IRT gene family in the soybean genome. 
Introduction 
Soybean (Glycine max (L.) Merr.) is the number one oilseed crop in the world and a 
major source of protein for animal consumption. In the last decade the United States has 
produced an average of 2.98 billion bushels of soybeans annually (www.nass.usda.gov, 
2012). The majority of this crop is produced in the Midwestern United States. 
Midwestern states produced a total of 2.85 billion bushels or 86% of the annual yield in 
2010 (www.nass.usda.gov, 2012). The soils in the upper Midwest are often calcareous 
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meaning they have a high calcium carbonate level and a pH around 8 (Inskeep and 
Bloom, 1987). The high pH and high calcium carbonate levels typically restrict a plant’s 
ability to take up iron from the soil and result in a nutritional disease known as iron 
deficiency chlorosis (IDC). 
 
Iron deficiency chlorosis in plants manifests itself as an interveinal yellowing of the 
leaves along with the persistence of green veins unless deficiency is severe.  Loss of 
pigment is due to the plant’s inability to manufacture chlorophyll. Beyond the phenotypic 
consequences of iron deficiency, the eventual impact of IDC is on seed production. In a 
2003 mail response survey, 99% of the respondents indicated that IDC was a serious 
issue in their fields and that an estimated 24% of the crop was affected (Hansen et al., 
2003). The annual cost to the soybean community due to IDC was calculated at nearly 
120 million dollars (Hansen et al., 2004). Today soybean bushels are selling nearly seven 
dollars higher, increasing the cost to soybean growers to approximately 260 million 
dollars a year. 
 
Many unique genes are responsible for iron acquisition and uptake in plants.  The Iron-
Regulated Transporter (IRT) genes are one of 25 members of the ZRT- and IRT-like 
protein (ZIP) family (Guerinot, 2000) of metal transporters that transport various cations 
(Eng et al., 1998).  Soybean and other legumes use IRT1 to uptake ferrous iron from the 
soil (Vert et al., 2002).  When iron deficiency is sensed, the IRT1 gene is up-regulated, 
and initiates metal transport into the plant (Eide et al., 1996; Korshunova et al., 1999).  
IRT1 strictly manages iron uptake through transcript and protein accumulation controls to 
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prevent toxicity and alleviate deficiency (Connolly et al., 2002).  The large contribution 
of IRT1 to plant physiology includes a role in the accumulation of zinc, manganese, 
cobalt and cadmium, in addition to iron (Vert et al., 2002).  The extensive roles IRT 
genes perform in iron homeostasis affirm the need to comprehend their interactions and 
develop an understanding of their function.  
 
The recent publication of the whole genome sequence of soybean (Schmutz et al., 2010) 
has made it possible to analyze soybean gene families in their entirety. The importance of 
soybean in the U.S. economy and the significant impact of iron on soybean health and 
production make it important to understand as much as possible about genes involved in 
iron homeostasis. The purpose of this research is to identify putative Iron-Regulated 
Transporter genes in soybean.   One of the objectives of this study is to structurally 
characterize these genes and examine their relational phylogeny.  Additionally, gene 
sequence data and gene expression patterns will be considered to differentiate each 
gene’s role in iron homeostasis of soybean.  The sum of these objectives will provide a 
comprehensive view of IRT genes in the soybean genome.    
Materials & Methods 
The model plant Arabidopsis thaliana was used to perform a comparative analysis with 
the soybean genome, because of established synteny and known genome duplication 
events (Grant et al., 2000) . Annotated gene sequences of A. thaliana IRT1, IRT2 and 
IRT3 (NM_118089.3, NM_118088.3, NM_104776.3) were identified using the gene 
database at the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov, 
2012).   
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Identification of Soybean AtIRT Homologs 
The gapped-TBLASTX program uses six reading frames to compare conceptually 
translated amino acid sequences from nucleotide sequences (Altschul et al., 1997).  This 
analysis was chosen due to increased sensitivity when compared to traditional DNA 
sequence comparison, and the increased ability to detect homology between the two 
evolutionarily-divergent species.  A. thaliana IRT1, IRT2 and IRT3 (NM_118089.3, 
NM_118088.3, NM_104776.3) nucleotide sequences were used as bait to perform a 
masked, TBLASTX (2.2.18) query of the Williams 82 Glyma1.01 sequence (Schmutz et 
al., 2010) at Phytozome (www.phytozome.net, 2012).  The default options, including the 
Comparison Matrix (BLOSUM62), Expect Threshold (-1), Word Length (3), and Allow 
Gaps (yes) were used.  This query identified fourteen gene models with significance (E-
value ≤ e-10) to at least one of the three previously mentioned A. thaliana IRT genes.  The 
start and end position of each gene model was also reported as a result of this query. 
 
The protein sequence of IRT1 genes in four other plant genera (Lycopersicum esculentum 
AF136579, Nicotiana tabacum BAF48330.1, Medicago truncatula AY339058.1, and 
Cucumis sativus AAT01414.1) were used to perform gapped-BLASTP (2.2.22+) queries 
of the Glycine max proteome at Phytozome (www.phytozome.net, 2012) to confirm the 
A. thaliana IRT gene models were relevant and comprehensive.  The default options, 
including the Comparison Matrix (BLOSUM62), Expect Threshold (-1), Word Length 
(3), and Allow Gaps (yes) were used.   
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IRT Homolog Alignment 
The protein sequence of these fourteen gene models were aligned with A. thaliana IRT1, 
IRT2 and IRT3 using ClustalW2 (Thompson et al., 1994) to evaluate sequence 
similarities and differences.  The Gonnet protein weight matrix was used to score the 
alignment.  The default Gap Open value (10) was used to penalize the first residue in a 
gap.  The default Gap Extension value (0.20) was used to penalize each additional residue 
in a gap.  The default Gap Distances value (5) was used to penalize gaps that are closer 
together than this distance.  The default No End Gaps value (no) was used to disable the 
gap separation penalty when scoring gaps at the ends of the alignment.  The default 
Iteration value (none) was used to apply no iteration to improve the iteration type.  The 
default Num Iter value (1) was used to indicate the maximum number of iterations to 
perform.  The default Clustering type (NJ) was used to assign the Neighbor-joining 
(Saitou and Nei, 1987) clustering type.  The output format was aligned with base/residue 
numbering (aln w/numbers) and the alignment was generated in the order of sequence 
input (input).   
 
 
Identification of Motifs Upstream of the IRT Homologs 
One kilobase of nucleotide sequence upstream from each the of the gene models was 
analyzed using Multiple Expectation Maximization for Motif Elicitation (MEME) to 
expose novel transcription factor binding sites and protein domains (Bailey and Elkan, 
1994; Bailey et al., 2006).  The analysis was parameterized using the minimum motif 
width (minw: 6) and the maximum dataset size (maxsize: 20,000). 
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Next, motifs that were identified in the MEME analysis were submitted to the TOMTOM 
database to search against a library of known motifs (Gupta et al., 2007).  Finally, the five 
motifs were submitted to the MAST sequence database to align the motifs and check for 
similarities between them (Bailey et al., 2009). 
 
Following MEME analysis, the DNA sequence of each gene model was analyzed using 
the Cis-eLement OVERrepresentation (CLOVER) program (Frith et al., 2004)
 
to search 
for known functional sites and identify any relevant motifs in the gene models’ sequence.  
 
Phylogenetic Analysis 
A phylogenetic tree was constructed to infer the evolutionary relationships of the fourteen 
gene models, AtIRT1, AtIRT2 and AtIRT3.  The ClustalW2-Phlogeny program 
(Thompson et al., 1994) was used to construct the phylogenetic tree and was 
parameterized using the default Tree Format (Newick/PHYLIP format tree file).  The 
default Distance Correction (off) was used to disallow correction for multiple 
substitutions at the same time for less divergent species.  The default Exclude Gaps value 
(off) was used to allow alignment when information was not available for all sequences.  
The default Clustering Method (neighbor-joining) was set to use the neighbor-joining 
algorithm to construct trees from the distance matrix.  The default Percent Identity Matrix 
(P.I.M) setting (off) was used to not include this output.  
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Transcript Accumulation of the IRT Homologs in Multiple Tissues 
The identified soybean sequences were evaluated against two comprehensive sets of gene 
transcript accumulation data, derived from iron-replete Glycine max plants at various 
growth stages and from fourteen tissues (Libault et al., 2010; Severin et al., 2010) to 
investigate transcript accumulation patterns of the implicated IRT gene models.   
 
Homoeologous Regions of IRT Homologs 
Using the Williams 82 Glyma1.01 sequence (Schmutz et al., 2010) and the Soybase 
genome browser (Grant et al., 2010), the genomic regions surrounding each of the 
fourteen IRT homologs were used to identify potential homoeologous regions elsewhere 
in the genome. Presence of IRT homologs within syntenic regions and clade relatedness 
from our phylogenetic analyses was considered presumptive evidence of homoeology. 
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Results and Discussion 
Identification of Soybean AtIRT Homologs 
A masked TBLASTX search of the Arabidopsis thaliana IRT1, IRT2 and IRT3 
(NM_118089.3, NM_118088.3, NM_104776.3) nucleotide sequences against the 
Williams 82 Glyma1.01 whole-genome sequence (Schmutz et al., 2010) identified 
fourteen soybean gene models with significant protein similarity to A. thaliana IRT genes 
as shown in Table 1. Soybean gene models Glyma07g34930 and Glyma20g02770 have 
the highest similarity to AtIRT1/AtIRT2 and Glyma06g05460 is most similar to AtIRT3. 
 
To reverse-confirm the identity of these sequences, each of these fourteen gene models 
were used to perform a TBLASTN query of the A. thaliana genome.  In Table 2, each 
gene model’s significance is reported to each of the three A. thaliana IRT genes and the 
twelve ZIP genes in A. thaliana.  Collectively, these fourteen gene models have 
significant similarity to one of the A. thaliana IRT genes, and at least one A. thaliana ZIP 
gene.   Within gene models from the soybean genome that were previously identified as 
having the highest sequence similarity to AtIRT1, Glyma07g34930 and Glyma20g02770 
were confirmed to have the highest similarity to IRT1 in the A. thaliana genome.  
Glyma06g05460 is shown to be overwhelmingly most similar to A. thaliana IRT3 and 
ZIP4.  The gene models that are most similar to ZIP1 include Glyma08g17530 and 
Glyma15g41620. 
Glyma13g10790 has no significant match in A. thaliana, medicago, maize, tomato, rice 
or tobacco.  This is likely due to poor alignment with AtIRT1 (the first amino acid 
appears to align to the 126th residue), and the comparative small size (213 amino acids) 
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of Glyma13g10790.  Glyma11g27900, Glyma18g06740, and Glyma14g37560 share the 
same E103A (Rogers et al., 2000) mutation and are most similar to ZIP6 in A. thaliana.   
 
Predicted protein similarity between soybean IRT1-like genes and those in four other 
plant species was also determined (data shown in Table 8 of the Appendix). The gene 
models with the best soybean- A. thaliana similarity to IRT1 were also the best matches 
in these species.  The conservation of homologs of these IRT1-like gene models in other 
species is strongly suggestive of their functional importance. 
 
IRT Homolog Alignment 
Following identification of the soybean AtIRT homologs, the fourteen soybean gene 
models with significant protein similarity to A. thaliana IRT1 were aligned using 
ClustalW2 (Thompson et al., 1994), as displayed in Figure 1 and Figure 2.  Several 
interesting characteristics appear upon alignment of these gene models with AtIRT1.  
First, the amino acids in the extracellular region between transmembranes III and IV of 
IRT1 have been shown to be highly variable in size and content, yet rich in Histidine 
(AtIRT1 has four Histidine residues in this area) (Guerinot, 2000).  These fourteen gene 
models possess the same variable region with a lack of general sequence conservation.  
Secondly, the relevance of Histidine in this region is highly suggested. As proof, the three 
gene models with highest similarity to AtIRT1 and AtIRT3 have at least six Histidine 
residues in this region, as shown in Table 3. 
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Previous research in AtIRT1 mutant yeast strains has demonstrated the effects of point 
mutations on transport activity, and validated the importance of specific residues in the 
extracellular loop between transmembranes II and III.  For instance, replacing the 
glutamic acid (negative charge) at AtIRT1’s 103rd position  with alanine (hydrophobic), 
eliminates the gene’s ability to transport zinc, yet maintains function to transport iron, 
manganese and cadmium (Rogers et al., 2000).  In this study, we identified four gene 
models (Glyma20g02770, Glyma11g27900, Glyma18g06740, and Glyma14g37560) that 
have a point mutation at the 103rd residue, which suggests they lack zinc transport 
function, as shown in Table 4 
 
Within the same region, it has also been shown that replacing aspartic acid with alanine at 
the 136
th
 position eliminates the transport of iron and manganese, as shown in Figure 6 
(Rogers et al., 2000).  Upon alignment with AtIRT1,  it appears Glyma13g10790 has a 
point mutation in a  glutamic acid residue, located at the first position outside of the third 
transmembrane (this is the 136
th
 residue in AtIRT1).  However, this distinction may not 
differentiate functionality, since glutamic acid shares the same negative electric charge 
the aspartic acid possesses. 
 
Finally, previous work has also shown the importance of the 146
th
 and 171
st
 residues of 
AtIRT1 (Kerkeb et al., 2008).  A lysine residue at either of these positions (K146 and 
K171) is required for posttranslational regulation of the IRT1 protein and reduced protein 
turnover.  Two of the fourteen gene models, Glyma07g34930 and Glyma20g02770, have 
lysine in one of these positions, at the 171
st
 residue. 
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Identification of Motifs Upstream of the IRT Homologs 
MEME analysis was performed to detect novel motifs, as shown in Figure 3.  Five motifs 
that were identified in the MEME analysis were submitted using TOMTOM and the 
JASPAR database to perform a search against known motifs (Gupta et al., 2007).  The 
results of this query indicate that three of the significant motifs are related to Zinc 
coordinating functions.   
 
Within the first identified motif, there were two matches to other known motifs.  One of 
these known motifs is from Drosophila melanogaster in the Zinc-coordinating class.  The 
second identified motif matched seven motifs in the JASPAR database.  The most similar 
motif was from Drosophila melanogaster in the Zinc-coordinating class.  The third motif 
matched twenty motifs in the JASPAR database.  Four of the matches are similar to Zinc 
finger protein in Mus musculus and one is related to Zinc coordinating in Homo sapiens. 
The fourth motif had fourteen matches in the JASPAR database.  The most similar motif 
was from Saccharomyces cerevisiae in the Zinc-coordinating class.  Finally, the fifth 
motif had five matches in the JASPAR database, with the best match to the Zipper-Type 
class of Mus musculus. 
 
After the five motifs were submitted to the MAST sequence database to align the motifs 
and check for similarities between them, as shown in Figure 4. While the majority of the 
motifs clustered between 600 bp and 1000 bp upstream of the start codon, no additional 
patterns of distribution were observed. 
24 
 
 
 
Clover was also used to identify known motifs upstream of the IRT homologs.  Within 
the region of 1,000 base pairs upstream from IRT homologs, the ALFIN 1 motif is the 
most overrepresented in the sequence set.  The ALFIN family of plant transcriptional 
regulators contains putative zinc finger motifs that are predominantly expressed in the 
roots (Consortium, 2012). 
 
Phylogenetic Analysis 
The polyploidization of the present soybean genome emerged from two or more 
duplication events in a diploid relative (Schmutz et al., 2010; Shoemaker et al., 2006).
 
  
Other research has identified four evolutionary groups, in which three are closely related, 
that the fifteen members of the ZIP family can be classified to (Maser et al., 2001).   
Notably, these fourteen gene models appear to be similarly grouped into four large  
clades, as shown in Figure 5.  This observation and the gene pairings support evidence 
for homeology.   
 
There are several interesting findings that can be observed in the phylogram, as shown in 
Figure 5.  First, Glyma07g34930 and Glyma20g02770 share the same major clade as 
AtIRT1 and AtIRT2.  Next, Glyma20g02770 has a point mutation at the 103
rd
 residue 
which indicates a lack of zinc transport function, as previously noted (Rogers et al., 
2000). 
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Finally, Glyma11g27900, Glyma18g06740, and Glyma14g37560 share the same major 
clade as AtIRT3.  These three gene models also have the E103A (Rogers et al., 2000) 
mutation and have minimal root transcript accumulation (Table 5 and Table 6).   
 
Syntenic regions were also evaluated for homoeology.  Genes located upstream and 
downstream of AtIRT1 and AtIRT2 were used as comparators to evaluate synteny with 
Soybean.  AtIRT1 and AtIRt2 are located on the chromosome 4 of A. thaliana between 
10,707-10,709K bp and 10,703-10,704K bp, respectively.  Table 11 of the Appendix 
shows soybean TBLASTX e-values for the coding sequences (CDS) of 50 kilobase (kb) 
in the flanking regions of IRT1/IRT2.  Four A. thaliana genes are shown (Appendix 
Table 11) to be within 50 kb of Glyma07g34930 and Glyma20g02770.  While there are 
several instances of homoeology within syntenic regions, these results indicate a general 
lack of conservation in the area surrounding AtIRT1/AtIRT2.  Furthermore, the major 
trend appears to support rearrangement of genes in the region of putative soybean IRT 
genes. 
 
Transcript Accumulation of the IRT Homologs in Multiple Tissues 
Two sets of SOLEXA data from iron replete Glycine max plants at various growth stages 
and plant tissues (Libault et al., 2010; Severin et al., 2010) were compared to evaluate the 
fourteen gene models.  Within both data sets, the total level of transcript accumulation 
and the tissues in which the genes are expressed should indicate sequences with IRT-like 
activity.  Interestingly, two gene models have the high root transcript accumulation in 
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both data sets and possess high sequence similarity to AtIRT1 or AtIRT3, as shown in 
Table 5 and Table 6.   
 
Glyma20g02770 has the highest root transcript accumulation in Table 6 (Libault et al., 
2010).  Additionally, transcript accumulation of Glyma20g02770 is localized to the root, 
which accounts for 99% of its total transcript accumulation level.  The localization of 
transcript accumulation indicates an active role in uptake activity, yet the point mutation 
at the 103
rd
 position suggests a role in iron uptake that may be devoid of zinc transport.  
The point mutation reduces the likelihood this gene is the ortholog of IRT2, since zinc 
transport is part of its known functionality.  Additionally, the localized transcript 
accumulation does not conform to previous reports that identified IRT2 as a 
housekeeping gene (Vert et al., 2001).   
 
The gene model with highest sequence similarity to AtIRT3, Glyma06g05460, has high 
total transcript accumulation across all tissues (Table 5 and Table 6).   The level of 
transcript accumulation across tissues indicates a role in many activities, while significant 
root transcript accumulation implicates uptake functionality for Glyma06g05460.   
 
Glyma13g10790 has significant transcript accumulation levels in both data sets that is 
localized to the root (Table 5 and Table 6).  This indicates Glyma13g10790 also has a 
role in uptake functionality. Interestingly, Glyma13g10790 shares only moderate 
sequence similarity with AtIRT1 (9.8E-75) or other known members within the ZIP gene 
family, which implies a unique role for this gene. 
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Glyma07g34930 is most analogous to AtIRT1 in that it has the highest sequence 
similarity and is minimally expressed under iron-sufficient conditions.  In lieu of iron-
deficient expression data, one could reasonably conclude Glyma07g34930 is IRT1 in 
soybean. 
 
Homoeologous Regions of IRT Homologs 
A search for syntenic regions common among any of the fourteen IRT soybean homologs 
revealed that ten (five pairs) of the fourteen reside in homoeologous regions, as shown in 
Table 7. The evolutionary relatedness of the homoeologs is also supported by the 
phylogenetic analyses, as shown in Figure 5. Two of the IRT soybean homologs were 
located in regions of the genome with no obvious homoeologous regions.  Two other IRT 
soybean homologs were located in a region of the genome with a homoeologous region 
that has no identifiable IRT homolog within that region (Table 7). 
 
The presence of Glyma07g34930 and Glyma20g02770 in syntenic regions on separate 
chromosomes strongly suggests they are related through a genome duplication event. 
Both are almost solely expressed in the root with no detectable transcript accumulation in 
nodules. However two striking differences are observed. The sum of the transcript counts 
for Glyma07g34930 are less than 15% than that of Glyma20g0277. Even more striking is 
the presence of the E103 mutation in Glyma20g02770 that is not present in its’ 
homoeolog. It is apparent that after the duplication event took place, a sub-
functionalization event occurred in which Glyma20g02770 acquired the E103A mutation 
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(inability to transport zinc), and now is expressed at a much higher level than 
Glyma07g34930.  
 
Glyma06g05460 is IRT3-like and is located in a genomic region syntenic to the region in 
which Glyma04g05410 is located.  The transcript data for Glyma04g05410 shows 
essentially zero activity in any of the analyzed tissues, and significantly reduced 
similarity (TBLASTX) to IRT3. This evidence strongly suggests that Glyma04g05410 
has lost function and could be a pseudogene. 
  
Glyma08g17530 & Glyma15g41620 are also located in homoeologous regions of the 
genome and are most similar to ZIP1.  These gene models share similarly low transcript 
levels across all analyzed tissues, which indicate shared responsibility or a sub-
functionalization relationship.  
 
The structure and pattern of genes in the ZIP family is well documented.  ZIP family 
members have eight trans-membrane domains, with a variable, histidine-rich, 
intracellular loop between extracellular region between transmembranes III and IV.  
Research has also identified functional importance in specific regions of IRT1.  In this 
study, we identified four gene models that have a point mutation at the 103rd residue, 
which suggests they lack zinc transport function, as shown in Table 4.  Two of the three 
gene models that have high root transcript accumulation in both data sets (Table 5 and 
Table 6), Glyma20g02770 and Glyma06g5460, have the highest sequence similarity to 
AtIRT1 and AtIRT3, respectively.   
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Glyma11g27900 and Glyma18g06740 have low sequence similarity to IRT1 or IRT3, the 
E103A mutation, and minimal expression.  However, these genes have high sequence 
similarity with ZIP6.  It is known that AtIRT3 and ZIP6 are up-regulated under nematode 
infestation (Hammes et al., 2005).  The combination of this data could signify these genes 
may compliment the plant’s nematode defense mechanism, and present another case of 
adaptive mutations that contribute functionality beyond the progenitor gene. 
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Conclusion 
Iron plays a significant role in numerous cellular functions and offers important 
opportunities to impact the health of plants, animals and humans through improved 
uptake efficiency and use.  Although there is typically an abundant supply of iron in the 
environment, it is usually found in the fully oxidized form which is sparingly soluble at 
neutral or alkaline pH levels.  This dichotomy renders most of the iron in soils 
unavailable for plant uptake (Guerinot and Yi, 1994).   
 
Iron uptake, transport and storage are strictly regulated to avoid the dual threats of 
toxicity and deficiency, while maintaining healthy plant development (Briat et al., 1995).  
Iron uptake in plants can occur by two pathways.  Strategy I is an inducible reduction 
mechanism, while Strategy II employs a chelation approach (Römheld, 1987; Takagi et 
al., 1984).  The main uptake strategy in which a plant engages does not preclude use of 
the alternate method as orthogonal IRT genes have been identified in many species, 
regardless of their uptake strategy (Charlson and Shoemaker, 2006).  IRT1 was identified 
in A. thaliana as the first iron-regulated transport protein in the ZIP metal transport 
family (Askwith et al., 1994; Dix et al., 1994; Eide et al., 1996).  The role of IRT1 is 
complex and critical to aspects other than iron homeostasis and maintaining plant health.  
Subsequent research has shown that soybean and other legumes uptake ferrous iron 
through IRT (Vert et al., 2002).   
 
In this study, we identified fourteen soybean gene models corresponding to A. thaliana 
IRT homologs.  We also revealed soybean genome duplication events that expanded the 
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IRT gene family and produced functional changes post genome duplication.  Finally, 
within the identified soybean gene models we noted distinct mutations that result in 
diverse gene functionality.  In closing, our study determined the genetics and 
evolutionary events giving rise to this important iron homeostasis-related gene family. 
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Tables and Figures 
 
Table 1.  Position and Size of IRT Homologs with Results of TBLASTX Query in A. thaliana IRT1, IRT2, IRT3
4
 
     TBLASTX E-value 
Gene Name Chromosome Start End Length (kb) AtIRT1 AtIRT2 AtIRT3 
Glyma07g34930 7 40,017,241 40,025,039 7.80 1.3E-112 8.7E-96 1.0E-59 
Glyma20g02770 20 2,356,369 2,358,876 2.51 9.8E-112 1.3E-95 3.2E-60 
Glyma02g13950 2 12,266,532 12,268,224 1.69 7.3E-94 6.4E-84 6.4E-59 
Glyma06g05460 6 3,879,544 3,881,372 1.83 1.2E-75 5.8E-62 1.1E-132 
Glyma08g17530 8 13,016,630 13,019,134 2.50 3.1E-75 4.5E-67 5.5E-65 
Glyma13g10790 13 12,944,680 12,948,242 3.56 9.8E-75 1.6E-64 6.7E-65 
Glyma15g41620 15 48,764,845 48,767,309 2.46 1.8E-74 1.5E-67 2.2E-64 
Glyma20g06210 20 7,937,231 7,940,703 4.47 6.5E-73 9.3E-65 1.4E-61 
Glyma17g34660 17 38,642,348 38,645,535 3.19 9.7E-67 1.5E-53 1.6E-108 
Glyma04g05410 4 4,101,167 4,102,361 1.19 6.1E-54 1.6E-41 6.6E-100 
Glyma14g10840 14 9,032,817 9,033,845 1.03 4.2E-36 5.2E-36 3.9E-87 
Glyma14g37560 14 46,842,481 46,845,336 2.86 4.2E-36 1.1E-26 1.5E-27 
Glyma11g27900 11 27,879,359 27,881,910 2.55 2.3E-27 1.7E-25 1.0E-23 
Glyma18g06740 18 5,400,903 5,403,063 2.16 5.6E-27 3.1E-25 1.6E-23 
AtIRT1 4 10,707,446 10,709,015 1.57 
 
AtIRT2 4 10,703,376 10,704,801 1.43 
AtIRT3 1 22,445,310 22,447,214 1.90 
                                                 
4
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
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Table 2.  Similarity of IRT Homologs to ZIP Family Genes as Indicated by TBLASTN E-Value
1,2 
 
 
 
Gene Model IRT1 IRT2 IRT3 ZIP1 ZIP2 ZIP3 ZIP4 ZIP5 ZIP6 ZIP7 ZIP8 ZIP9 ZIP10 ZIP11 ZIP12 
Glyma07g34930 9E-109 3E-92 5E-43 7E-71 9E-02 1E-77 6E-45 6E-76 2E-52 1E-90 7E-62 3E-45 8E-107 6E-03 5E-60 
Glyma20g02770 2E-114 1E-98 8E-44 3E-76 4E-01 2E-80 1E-45 7E-81 2E-56 4E-97 9E-69 2E-39 5E-116 2E-06 2E-64 
Glyma02g13950 3E-91 1E-79 4E-39 4E-71 0E+00 5E-74 5E-40 6E-76 4E-51 3E-93 9E-62 2E-37 2E-90 4E-03 4E-59 
Glyma06g05460 5E-58 6E-57 2E-125 1E-64 6E-02 2E-59 7E-125 1E-63 2E-50 1E-55 5E-37 1E-88 7E-57 2E-04 3E-57 
Glyma08g17530 1E-70 7E-65 4E-42 2E-101 0E+00 8E-86 6E-43 6E-89 4E-47 7E-71 2E-41 5E-38 2E-73 2E+00 2E-68 
Glyma13g10790 1E-32 2E-26 1E-30 6E-44 0E+00 3E-40 9E-32 3E-42 6E-26 2E-30 9E-23 8E-26 2E-34 0E+00 6E-33 
Glyma15g41620 1E-69 4E-63 2E-41 6E-100 0E+00 1E-84 4E-43 3E-88 4E-45 1E-69 1E-41 1E-37 8E-73 5E+00 3E-68 
Glyma20g06210 2E-63 2E-58 2E-31 1E-75 0E+00 1E-76 3E-33 1E-77 5E-43 3E-66 5E-56 3E-27 8E-67 0E+00 2E-66 
Glyma17g34660 4E-59 2E-56 3E-71 8E-62 1E-01 4E-66 1E-72 2E-63 6E-47 1E-59 2E-35 3E-63 3E-57 1E-01 4E-57 
Glyma04g05410 4E-16 3E-24 2E-64 5E-28 0E+00 4E-18 2E-65 9E-28 9E-16 4E-15 2E-11 4E-38 4E-19 0E+00 5E-22 
Glyma14g10840 1E-30 3E-29 1E-57 3E-31 1E-01 3E-38 5E-59 2E-37 1E-31 2E-28 1E-23 8E-49 3E-32 5E+00 2E-31 
Glyma14g37560 4E-44 5E-42 2E-34 3E-42 0E+00 1E-40 1E-35 3E-37 1E-97 2E-40 2E-29 3E-31 1E-42 1E-02 1E-36 
Glyma11g27900 1E-52 2E-56 1E-38 8E-60 9E-05 8E-55 5E-51 3E-54 5E-118 2E-58 4E-32 1E-45 9E-56 2E-11 3E-50 
Glyma18g06740 9E-56 3E-57 9E-39 2E-58 4E-06 2E-54 2E-52 1E-54 2E-122 8E-59 8E-44 1E-45 2E-59 3E-11 4E-53 
 
 
 
 
 
 
 
                                                 
1
 Gene models with greater that 100 e-value similarity to ZIP family genes are shaded 
2
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
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Table 3.  The Variable Region between TM3-TM4: Number of Histidine Residues in IRT Homologs when Aligned with A. 
thaliana IRT1
1
 
  
Gene Model # of Histidines 
Glyma07g34930 6 
Glyma20g02770 7 
Glyma02g13950 5 
Glyma06g05460 9 
Glyma08g17530 10 
Glyma13g10790 7 
Glyma15g41620 10 
Glyma20g06210 13 
Glyma17g34660 4 
Glyma04g05410 9 
Glyma14g10840 0 
Glyma14g37560 3 
Glyma11g27900 3 
Glyma18g06740 3 
  
                                                 
1
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
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Table 4.  Point Mutations Known to Affect Transport in A. thaliana IRT1 and Aligned IRT Homologs
1,2,3
 
 Rogers et al. 2000 Kerkeb et al. 2008 Rogers et al. 2000
 
A. thaliana IRT1 
96 100 103 109 136 146 154 156 158 160 171 197 198 224 228 295 300 305 
H D E C D K H H H H K H S H E Y D E 
Gene Model                   
Glyma07g34930 H D D C D - L H H H K H S H E Y D D 
Glyma20g02770 H D A C D N L H H H K H S H E Y D D 
Glyma02g13950 H D D C D - H H H H N H S H E Y E D 
Glyma06g05460 H D K C D G S G H V N H S H E Y D D 
Glyma08g17530 H E E C D E H H H H S H S H E Y D D 
Glyma13g10790 - - - - E - D H H H - H S H E Y D D 
Glyma15g41620 H E E C D E H H H H S H S H E Y D D 
Glyma20g06210 H D E C D S H H H H T H S H E Y D D 
Glyma17g34660 H D D C D E - G V V S H S H E Y D D 
Glyma04g05410 H D - - D G S G H V N H S - E Y - - 
Glyma14g10840 - - - - - - - - - - - - - H E Y D D 
Glyma14g37560 H D A H D V - - E G E H S H E Y D D 
Glyma11g27900 H D A Q D L - A G E E H S H E Y D D 
Glyma18g06740 H D A Q D Q G T S E E H S H E Y D D 
 
  
                                                 
1
 Point mutations known to eliminate Zinc transport ability and maintain Fe, Mn, and Cd transport ability (Rogers et al. 2000). 
2
 K is needed for Fe-induced protein turnover (Kerkeb et al. 2008) 
3
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
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Table 5.  Severin et al. (2010) Transcript Accumulation Data Reported for IRT Homologs
1, 2 
Gene Model 
Young 
Leaf Flower 
Cm 
Pod 
M2 
Shell 
M1 
Shell 
M_2 
Seed 
M_1 
Seed 0_Seed 1_Seed 2_Seed 3_Seed 4_Seed Root Nodule 
Total 
Transcript 
Accumulation 
Glyma07g34930 3 0 1 3 2 0 0 0 0 0 0 0 40 0 49 
Glyma20g02770 1 1 1 1 0 0 0 0 0 0 0 0 97 0 101 
Glyma06g05460 14 13 14 10 3 5 23 38 14 7 6 5 217 83 452 
Glyma04g05410 0 0 0 0 0 0 0 0 0 0 0 0 2 1 3 
Glyma08g17530 0 6 1 1 2 4 3 2 2 1 1 0 19 5 47 
Glyma15g41620 0 0 2 0 1 3 6 5 1 1 1 0 25 16 61 
Glyma17g34660 2 3 1 1 0 0 1 0 2 1 2 1 11 10 35 
Glyma14g10840 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
Glyma11g27900 0 1 1 0 1 3 7 6 3 3 3 1 3 5 37 
Glyma18g06740 0 3 0 0 0 6 10 8 7 5 4 3 4 7 57 
Glyma14g37560 0 1 2 3 1 3 13 10 7 6 7 6 1 42 102 
Glyma02g13950 0 0 0 0 0 0 3 2 1 1 0 1 0 0 8 
Glyma20g06210 0 0 1 1 0 0 1 0 0 0 0 0 29 36 68 
Glyma13g10790 0 1 1 1 3 0 0 0 1 0 0 0 447 36 490 
 
 
                                                 
1
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
2
 Each pair of shaded gene models share a corresponding duplication region 
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Table 6.  Libault et al. (2010) Transcript Accumulation Data Reported for IRT Homologs
1, 2
   
 Innoculated Uninnoculated         
 
 
 
Gene Model 
12 
hours, 
root 
hair 
24 
hours, 
root 
hair 
 48 
hours, 
root 
hair 
24 
hours,  
root 
hair 
48 
hours,  
root 
hair 
48 
hours, 
root 
apical 
meristem 
flower green 
pods 
leaves nodule root root 
tip 
Glyma07g34930 0 0  0 0 0 0 8 0 2 5 0 38 0 
Glyma20g02770 0 0  0 0 0 0 1 0 1 2 0 255 0 
Glyma06g05460 50 74  118 49 45 66 19 26 49 6 332 128 58 
Glyma04g05410 0 0  0 0 0 0 0 0 0 0 0 0 0 
Glyma08g17530 0 0  0 0 0 5 2 8 4 0 13 4 0 
Glyma15g41620 0 0  0 0 0 1 1 0 3 0 42 4 0 
Glyma17g34660 23 16  14 22 15 8 3 10 5 10 16 26 3 
Glyma14g10840 0 0  0 0 0 0 0 0 0 0 0 1 0 
Glyma11g27900 0 1 1 1 0 1 9 2 5 5 4 6 19 0 
Glyma18g06740 0 0 1 1 0 0 2 1 17 5 1 14 19 0 
Glyma14g37560 2 2 2 2 1 1 15 12 5 15 7 69 9 0 
Glyma02g13950 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Glyma20g06210 9 3 7 6 4 5 1 1 0 1 0 48 6 8 
Glyma13g10790 12 10 9 13 9 13 2 0 0 1 0 79 55 5 
                                                 
1
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
2
 Each pair of shaded gene models share a corresponding duplication region 
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Table 7.  Corresponding Regions of Soybean Genome Duplication for IRT Homologs and Similarity to A. thaliana IRT1 and 
IRT3 
1,2
 
 
 
 
Gene Model 
 
AtIRT1 
TBLASTX 
E-value 
AtIRT3 
TBLASTX 
E-value 
 
 
 
Start 
 
 
 
End 
 
 
 
Duplication Region 
Glyma07g34930.1 1.3E-112 1E-59 40,017,241 40,025,039 Gm20:1,086,814..3,331,334 
Glyma20g02770.1 9.8E-112 3.2E-60 2,356,369 2,358,876 Gm07:38,863,474..40,581,029 
Glyma06g05460.1 1.2E-75 1.1E-132 3,879,544 3,881,372 Gm04:7,268..10,035,888 
Glyma04g05410.1 6.1E-54 6.6E-100 4,101,167 4,102,361 Gm06:24,815..8,496,228 
Glyma08g17530.1 3.1E-75 5.5E-65 13,016,630 13,019,134 Gm15:46,857,772..49,755,894 
Glyma15g41620.1 1.8E-74 2.2E-64 48,764,845 48,767,309 Gm08:12,238,983..14,220,641 
Glyma17g34660.1 9.7E-67 1.6E-108 38,642,348 38,645,535 Gm14:8,665,599..11,131,605 
Glyma14g10840.1 4.2E-36 3.9E-87 9,032,817 9,033,845 Gm17:37,534,260..39,005,393 
Glyma11g27900.1 2.3E-27 1E-23 27,879,359 27,881,910 Gm18:5,400,903..5,517,736 
Glyma18g06740.1 5.6E-27 1.6E-23 5,400,903 5,403,063 Gm11:27,568,622..27,881,910 
Glyma14g37560.1 4.2E-36 1.5E-27 46,842,481 46,845,336 Gm02:42,389,327..46,488,915 
Glyma02g13950.1 7.3E-94 6.4E-59 12,266,532 12,268,224 Gm01:10,505,294..11,701,477 
Glyma20g06210.1 6.5E-73 1.4E-61 7,937,231 7,940,703 none 
Glyma13g10790.1 9.8E-75 6.7E-65 12,944,680 12,948,242 none 
 
 
 
 
 
 
                                                 
1
 Gene names in bold are most similar to AtIRT1 and the gene name is italics in most similar to AtIRT3 
2
 Each pair of shaded gene models share a corresponding duplication region 
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Figure 1.  Alignment of Gene Models with A. thaliana IRT1 by using ClustalW2
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Figure 2.  ClustalW2 Alignment of IRT Homologs vs. A. thaliana IRT1 in the Variable Region between Transmembrane III 
and IV (position 136-184)
  
 
4
1
 
 
 
Figure 3.  Motif Discovery within the IRT Homologs and Similarity to Known Motifs  
  
  
 
4
2
 
 
Figure 4.  Alignment of Motifs in 1,000 Bases Upstream of IRT Homologs 
43 
 
 
 
 
    
 
Figure 5.  Phylogram Tree with Genetic Distance between Nodes of the IRT 
Homologs, A. thaliana IRT1, A. thaliana IRT2, A. thaliana IRT3 and E103A 
Mutations Identified
1
 
  
                                                 
1
 E103A Mutation Transports Fe, Mn, Cd, not Zn (Rogers et al. 2000) 
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Chapter 3.  General Conclusions 
 Iron plays a significant role in many cellular functions. As such it offers important 
opportunities to impact the health of plants, animals and humans through improved 
uptake efficiency and use.  Although there is typically an abundant supply of iron in the 
environment, it is usually found in the fully oxidized form that is sparingly soluble at 
neutral or alkaline pH levels.  This makes most of the iron in soils unavailable for plant 
uptake (Guerinot and Yi, 1994).   
 
Iron uptake, transport and storage are strictly regulated to avoid the dual threats of 
toxicity and deficiency, while maintaining healthy plant development (Briat et al., 
1995)Iron uptake in plants can occur by two pathways.  Strategy I is an inducible 
reduction mechanism, while Strategy II employs a chelation approach (Römheld, 1987; 
Takagi et al., 1984).  The main uptake strategy in which a plant engages may not 
preclude use an alternate method as orthogonal IRT genes have been identified in many 
species, regardless of their uptake strategy (Charlson and Shoemaker, 2006).   
 
IRT1 was identified in A. thaliana as the first iron-regulated transport protein in the ZIP 
metal transport family by using functional complementation of a yeast transport mutant 
that is defective in iron uptake (Askwith et al., 1994; Dix et al., 1994; Eide et al., 1996).  
The role of IRT1 is complex and critical to aspects other than iron homeostasis and 
maintaining plant health.  Subsequent research has shown that soybean and other legumes 
uptake ferrous iron through the action of IRT (Vert et al., 2002).  Thus, understanding all 
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we can about this important family of metal transporters is crucial to improving iron 
homeostasis in soybean. 
 
Further metal specificity will be determined through the alteration of conserved residues 
in putative soy transporters.  Additional research will also be required to interrogate the 
functional role of each returned sequence.  Undoubtedly, the importance of conserved 
residues and the relevance of point mutations will inform the specific role of each 
Glyma’s, and may offer insight into broader understanding of uptake machinery in 
planta.  Specifically, additional study may explain the apparent conjoined relationship of 
iron and manganese that appears to make their mutual transport inseparable. 
 
Realizing these Transcript Accumulation data were collected from iron replete plants, a 
logical subsequent experiment would bring data from plants that are lacking sufficient 
iron.  With this additional data in hand, one could make additional inferences to gene role 
and function, based on comparatively analyzing the iron deficient vs. iron replete 
transcript accumulation.  Intuitively, one would expect differential transcript 
accumulation across those data sets, and also presume the likelihood of identifying new, 
highly expressed regions is quite high. 
 
In developing countries that lack ready availability to fortified foods and animal protein 
as sources of iron, biofortification of staple crops such as soybean may be an 
economically viable and feasible approach to improving human health (Yip and 
Ramakrishnan, 2002).  Soybean seeds store the majority of iron as ferritin (Ambe et al., 
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1987) and significant variations in ferritin levels among cultivars have been identified 
(Beard et al., 1996), suggesting that this crop may be valuable in implementing 
biofortification strategies. 
 
Fortunately, as we are now positioned to unravel the genomic sequence in soybean, the 
evolution of new analyses and novel technique enable us to digest a quantity of data that 
was recently inconceivable.  At our disposal are an increasing amount of tools, data and 
ideas to leverage against a complex set of biological information.  The ability to define 
the role that a genetic sequence plays in the biology of a plant leads one to consider the 
objectives of proposed research and how to apply the implications of new discoveries.  
As global demand for feed and food protein, as well as biofuels continue to rise, we are 
challenged to expand the scope and increase the quantity of legume production.  The 
challenge lies in our ability to assemble and interpret information that will render 
knowledge to apply innovative solutions.   
 
In this study, we identified fourteen soybean gene models corresponding to A. thaliana 
IRT homologs.  We discussed soybean genome duplication events that expanded the IRT 
gene family and produced functional changes post genome duplication.  Finally, within 
the identified soybean gene models we noted distinct mutations that result in diverse gene 
functionality.  In closing, our study determined the genetics and evolution of this 
important iron homeostasis-related gene family. 
47 
 
 
Appendix 
 
Table 8.  Gene Models Returned from a TBLASTX Query of Other Species
1
,
2
 
 
 
TBLASTX E-Value 
Gene Model AtIRT1 LeIRT1 NtIRT1 MtZip6 CsIRT1 
Glyma20g02770 1.1E-117 1.0E-123 1.9E-132 6.9E-138 8.6E-134 
Glyma07g34930 1.6E-116 9.0E-121 3.3E-126 9.9E-133 2.5E-128 
Glyma02g13950 7.7E-93 3.7E-93 1.4E-99 2.7E-80 4.2E-99 
Glyma08g17530 9.7E-80 1.9E-83 2.3E-91 1.6E-77 7.9E-91 
Glyma15g41620 1.4E-79 1.7E-82 9.1E-91 5.1E-78 N/A 
Glyma20g06210 1.3E-70 2.3E-78 1.2E-81 3.0E-72 3.0E-77 
Glyma17g34660 2.5E-64 9.3E-65 1.8E-70 1.0E-59 4.2E-66 
Glyma06g05460 5.9E-59 4.2E-62 6.4E-66 2.2E-55 2.5E-61 
Glyma14g37560 9.7E-57 1.4E-57 2.4E-60 1.3E-55 8.9E-58 
Glyma18g06740 2.0E-56 1.7E-59 4.7E-62 5.5E-60 N/A 
Glyma11g27900 2.8E-53 7.2E-57 5.4E-59 1.2E-55 1.3E-56 
Glyma13g10790 8.8E-37 2.2E-33 9.0E-39 2.1E-35 4.0E-40 
Glyma14g10840 1.6E-30 2.4E-30 1.3E-34 3.0E-31 8.0E-32 
Glyma04g05410 5.0E-28 1.1E-27 1.8E-33 1.4E-28 5.0E-29 
Glyma08g44010 8.4E-18 1.3E-11 4.6E-14 3.4E-14 4.6E-14 
Glyma18g08760 3.2E-14 N/A 4.9E-11 3.9E-10 7.0E-11 
Glyma15g04090 1.4E-13 N/A 9.3E-10 8.0E-09 N/A 
Glyma13g41330 3.1E-12 N/A N/A 8.8E-10 N/A 
Glyma15g04100 2.4E-10 N/A 7.4E-10 4.9E-09 N/A 
 
  
                                                 
1
 Gene models in gray were identified as having significant sequence similarity to A. thaliana IRT1 
2
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
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Table 9.  TBLAST N E-value of Returned IRT Homologs Compared to Known A. thaliana IRT Genes
1
 
 
Gene Model 
 
TBLAST N E-Value TBLAST P E-Value 
AtIRT1 AtIRT2 AtIRT3 AtIRT1 AtIRT2 AtIRT3 
Glyma02g13950 2.2E-16 5.7E-13 3.0E-14 7.7E-93 2.3E-82 9.8E-40 
Glyma04g05410 1.4E-21 3.9E-19 3.7E-06 5.0E-28 8.3E-24 8.4E-53 
Glyma06g05460 3.4E-20 3.6E-20 4.0E-43 5.9E-59 2.0E-55 6.8E-113 
Glyma07g34930 2.8E-17 6.8E-14 5.8E-12 1.6E-116 1.1E-99 1.0E-43 
Glyma08g17530 4.2E-11 3.7E-09 3.2E-12 9.7E-80 4.9E-73 1.2E-49 
Glyma11g27900 4.7E-09 7.1E-12 6.6E-14 2.8E-53 2.6E-55 4.4E-39 
Glyma13g10790 3.3E-05 8.3E-03 5.6E-07 8.8E-37 2.2E-29 1.2E-34 
Glyma14g10840 1.7E-11 1.3E-09 9.6E-20 1.6E-30 5.0E-29 1.8E-57 
Glyma14g37560 9.0E-16 1.4E-15 6.8E-06 9.7E-57 5.9E-54 1.2E-40 
Glyma15g41620 8.0E-11 4.2E-09 4.1E-12 1.4E-79 8.9E-73 5.4E-49 
Glyma17g34660 4.0E-22 3.0E-20 6.7E-31 2.5E-64 7.5E-62 1.1E-71 
Glyma18g06740 6.6E-12 3.5E-12 4.9E-14 2.0E-56 5.6E-56 3.3E-39 
Glyma20g02770 4.1E-18 1.1E-14 2.0E-12 1.1E-117 6.3E-103 1.4E-44 
Glyma20g06210 1.7E-04 2.0E-02 1.2E-06 1.3E-70 1.1E-64 2.5E-36 
 
  
  
                                                 
1
 Gene names in bold are most similar to AtIRT1 and the gene name in italics is most similar to AtIRT3 
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Table 10.  Accession Number and Sequence ID of Relevant Genes 
 
Species Designation Genbank Accession Protein Nucleotide 
Arabidopsis thaliana AtZIP1 AAC24197 AAC24197 NM_112111.3 
Arabidopsis thaliana AtZIP2 AAC24198 AAC24198 NM_125344.2 
Arabidopsis thaliana AtZIP3 AAC24199 AAC24199 NM_128786.3 
Arabidopsis thaliana AtZIP4 AAB65480 AAB65480.1 - 
Arabidopsis thaliana AtZIP5 AAL38432 AAL38432.1 - 
Arabidopsis thaliana AtZIP6 AAL38433 AAL38433.1 - 
Arabidopsis thaliana AtZIP7 AAL38434 AAL38434.1 - 
Arabidopsis thaliana AtZIP8 AAL83293 NP_680394.1 NM_148089.1 
Arabidopsis thaliana AtZIP9 AAL38435 AAL38435.1 - 
Arabidopsis thaliana AtZIP10 AAL38436 - NP_174411.2 
Arabidopsis thaliana AtZIP11 AAL67953 AAL67953.1 - 
Arabidopsis thaliana AtZIP12 AAL38437 AAL38437.1 - 
Arabidopsis thaliana AtFRD3 NP_187461 - NP_187461.1 
Arabidopsis thaliana AtFRO1 NP_171665 - NP_171665.1 
Arabidopsis thaliana AtFRO2 NP_171664 - NP_171664.1 
Arabidopsis thaliana AtIRT1 AAB01678 NP_567590.3 NM_118089.3 
Arabidopsis thaliana AtIRT2 NP193703 NP_001031670.1 NM_118088.3 
Arabidopsis thaliana AtIRT3 NP_564766 NP_564766.1 NM_104776.3 
Glycine max GmZIP1 AAK37761 AAK37761 AY029321.1 
Lycopersicon esculentum LeIRT1 AAD30548 AAD30548.1 - 
Lycopersicon esculentum LeIRT2 AAD30549 AAD30549.1 - 
Medicago truncatula MtZIP1 AY339054 - AY339054.1 
Medicago truncatula MtZIP2 AAG09635 AAG09635.1 - 
Medicago truncatula MtZIP3 AY339055 - AY339055.1 
Nicotiana tabacum NtIRT1 BAF48330 BAF48330.1 - 
  
 
5
0
 
 
Table 11.  Synteny: A. thaliana IRT1 and A. thaliana IRT2 on Chromosome 4 vs. Soybean
1
 
 
 
 
  
                                                 
1
 TBLASTX of the CDS sequence for 50 kb in the flanking regions of IRT1/IRT2 (highlighted in yellow) located on the 4th chromosome of Arabidopsis between 
10,707-10,709K bp and 10,703-10,704K bp 
Gene Start End bp from IRT Transcript E-value Chr:Start..End Transcript E-value Chr:Start..End Transcript E-value Chr:Start..End Transcript E-value Chr:Start..End
AT4G19530 10651744 10657282 10651744 Glyma16g03780 2.30E-45 Gm16:3,149,076..3,154,287 Glyma20g02470 1.70E-34 Gm20:2,080,979..2,085,099 Glyma15g02870 5.20E-34 Gm15:2,008,684..2,011,823 Glyma06g40710 8.10E-34 Gm06:43,883,111..43,886,675
INDL 10657383 10659233 10657383 Glyma13g18090 4.50E-63 Gm13:21,750,224..21,752,662 Glyma10g03930 1.10E-60 Gm10:2,927,840..2,930,316 Glyma17g34650 1.30E-09 Gm17:38,639,960..38,640,097 Glyma14g10850 2.50E-09 Gm14:9,046,464..9,046,601
AT4G19550 10659381 10661222 10659381
CYCT1;2 10661428 10664716 10661428  Glyma07g35010 5.70E-50 Gm07:40,129,612..40,132,934 Glyma20g02880 2.70E-48 Gm20:2,555,138..2,558,164 Glyma08g17960 8.80E-45 Gm08:13,469,491..13,473,128 Glyma15g40070 1.10E-44 Gm15:46,989,864..46,995,532
AT4G19570 10665294 10667318 10665294 Glyma06g13180 2.20E-49 Gm06:10,339,270..10,339,932 Glyma16g33100 1.80E-48 Gm16:36,149,699..36,150,370 Glyma13g08100 2.40E-48 Gm13:8,405,223..8,405,906 Glyma09g28290 2.40E-48 Gm09:35,275,212..35,275,883
AT4G19580 10668400 10669452 10668400 Glyma06g13180 1.30E-45 Gm06:10,339,240..10,339,932 Glyma04g41630 6.40E-45 Gm04:47,485,291..47,485,983 Glyma09g28290 5.90E-44 Gm09:35,275,221..35,275,892 Glyma13g08100 6.80E-44 Gm13:8,405,226..8,405,915
AT4G19590 10671199 10672290 10671199 Glyma06g13180 2.20E-42 Gm06:10,339,276..10,339,896 Glyma04g41630 1.10E-41 Gm04:47,485,327..47,485,899 Glyma14g31850 5.10E-41 Gm14:38,833,365..38,833,979 Glyma13g08100 9.50E-41 Gm13:8,405,262..8,405,900
CYCT1;4 10672765 10676735 10672765 Glyma08g17960 4.70E-112 Gm08:13,469,395..13,473,407 Glyma07g35010 3.50E-111 Gm07:40,128,378..40,132,997 Glyma20g02860 1.20E-108 Gm20:2,509,239..2,513,524 Glyma15g41040 8.60E-106 Gm15:46,767,203..46,773,167
AT4G19610 10677229 10681771 10677229 Glyma14g24510 2.10E-135 Gm14:29,407,019..29,416,169 Glyma13g09970 1.20E-133 Gm13:11,527,519..11,536,759 n/a 1.90E-40 Gm09:45,071,901..45,075,780 n/a 5.00E-29 Gm02:30,376,102..30,376,623
AT4G19620 10682433 10682844 10682433
AT4G19630 10683936 10684683 10683936 Glyma08g12630 2.20E-11 Gm08:9,243,594..9,244,003 Glyma05g29470 3.60E-10 Gm05:35,080,838..35,081,245 Glyma13g29760 1.80E-07 Gm13:32,612,723..32,613,013 3.50E-07 Gm16:14,375,744..14,375,926
AT4G19633 10685517 10685997 10685517
ARA7 10687198 10689617 10687198 Glyma11g33100 1.00E-57 Gm11:34,861,716..34,866,834 Glyma18g05120 2.40E-56 Gm18:3,867,958..3,873,087 Glyma08g04340 1.20E-36 Gm08:3,042,724..3,043,851 Glyma05g35400 4.50E-36 Gm05:39,443,760..39,444,834
AT4G19645 10689846 10691724 10689846 Glyma14g03520 3.40E-66 Gm14:2,282,392..2,285,733 Glyma02g45240 5.00E-62 Gm02:49,574,842..49,578,286 Glyma18g14050 5.60E-59 Gm18:13,551,945..13,556,234 Glyma08g41750 2.40E-58 Gm08:41,687,896..41,692,110
AT4G19650 10691674 10695701 10691674 Glyma14g05540 0.00E+00 Gm14:3,961,819..3,963,218 Glyma19g32820 2.00E-112 Gm19:40,529,797..40,531,392 Glyma03g29920 2.10E-48 Gm03:37,935,225..37,936,151 Glyma07g14330 2.20E-25 Gm07:13,695,398..13,696,795
NPR4 10696266 10698243 10696266 Glyma09g02430 4.20E-128 Gm09:1,622,436..1,626,424 Glyma15g13320 8.10E-128 Gm15:9,936,501..9,941,348 Glyma02g45260 6.10E-94 Gm02:49,591,673..49,594,746 Glyma14g03510 1.10E-91 Gm14:2,268,170..2,273,022
AT4G19670 10699238 10702040 10699238 Glyma15g13240 1.90E-135 Gm15:9,873,417..9,878,447 Glyma09g02340 7.40E-129 Gm09:1,563,118..1,567,558 Glyma07g04970.1, Glyma07g04980.1, Glyma07g04990.1, 2.10E-24 Gm07:3,700,937..3,710,367 Glyma16g01530 1.90E-23 Gm16:1,114,125..1,116,580
IRT2 10703362 10704816 10703362 Glyma07g34930 8.70E-96 Gm07:40,017,241..40,025,039 Glyma20g02770 1.30E-95 Gm20:2,356,369..2,358,876 Glyma02g13950 6.40E-84 Gm02:12,266,532..12,268,224 Glyma06g05460 5.80E-62 Gm06:3,879,544..3,881,372
IRT1 10707426 10709015 10709015 Glyma07g34930 1.30E-112 Gm07:40,017,241..40,025,039 Glyma20g02770 9.80E-112 Gm20:2,356,369..2,358,876 Glyma02g13950 7.30E-94 Gm02:12,266,532..12,268,224 Glyma06g05460 1.20E-75 Gm06:3,879,544..3,881,372
RING 10713561 10714707 10714707 Glyma09g02330 6.50E-43 Gm09:1,547,742..1,548,209 Glyma15g13230 1.40E-38 Gm15:9,860,645..9,861,115 Glyma07g34920 8.20E-38 Gm07:39,986,766..39,987,385 Glyma20g02760 2.60E-36 Gm20:2,337,714..2,338,211
AK-HSDH_II 10724855 10729768 10729768 Glyma08g11370 0 Gm08:8,292,255..8,301,863 Glyma05g28380 0 Gm05:34,202,850..34,213,237 Glyma18g00600 0 Gm18:243,585..249,432 n/a 1.90E-155 Gm07:12,397,978..12,402,344
AT4G19720 10730363 10731750 10731750 Glyma17g08400 2.30E-68 Gm17:6,224,274..6,225,254 Glyma15g25060 1.40E-45 Gm15:26,320,735..26,321,679 Glyma13g22350 4.20E-25 Gm13:25,904,950..25,905,852 n/a 6.20E-22 Gm14:12,713,040..12,713,774
AT4G19730 10733864 10734975 10734975 Glyma17g08400 1.40E-57 Gm17:6,224,274..6,225,158 Glyma15g25060 7.20E-36 Gm15:26,320,819..26,321,664 Glyma13g22350 4.90E-23 Gm13:25,905,127..25,905,447 n/a 8.80E-13 Gm08:18,497,135..18,497,433
AT4G19740 10739567 10740620 10740620 Glyma17g08400 3.90E-39 Gm17:6,224,274..6,225,116 Glyma13g22350 1.50E-29 Gm13:25,905,175..25,905,588 Glyma15g25060 6.40E-26 Gm15:26,321,230..26,321,679 n/a 1.70E-09 Gm08:18,497,180..18,497,347
AT4G19750 10745682 10747127 10747127 Glyma17g08400 1.50E-96 Gm17:6,224,247..6,225,242 Glyma15g25020 3.10E-60 Gm15:26,167,057..26,168,037 Glyma13g22350 1.10E-37 Gm13:25,905,046..25,905,852 n/a 6.40E-30 Gm14:12,713,016..12,713,795
AT4G19760 10750381 10752028 10752028 Glyma17g08400 9.30E-92 Gm17:6,224,268..6,225,242 Glyma15g25020 1.50E-58 Gm15:26,167,054..26,168,019 Glyma13g22350 7.80E-37 Gm13:25,905,046..25,905,852 n/a 6.80E-28 Gm14:12,713,040..12,713,780
AT4G19770 10753310 10754181 10754181 Glyma17g08400 9.40E-50 Gm17:6,224,469..6,225,242 Glyma15g25020 4.00E-49 Gm15:26,167,267..26,168,019 Glyma13g22350 2.40E-33 Gm13:25,905,109..25,905,852 n/a 5.30E-30 Gm14:12,713,040..12,713,414
AT4G19780 10755050 10755970 10755970 Glyma11g27360 8.60E-39 Gm11:27,072,156..27,072,593 n/a 3.50E-37 Gm18:17,811,218..17,812,109 n/a 9.90E-29 Gm19:13,755,051..13,755,464 n/a 3.30E-25 Gm19:13,755,051..13,755,464
AT4G19790 10755966 10756808 10756808 n/a 4.00E-29 Gm03:5,691,675..5,692,004 n/a 3.60E-22 Gm19:13,752,865..13,753,520 n/a 2.10E-21 Gm13:26,891,528..26,891,857 n/a 8.20E-21 Gm15:43,822,907..43,823,236
AT4G19800 10760830 10762104 10762104 Glyma17g08400 1.20E-100 Gm17:6,224,208..6,225,242 Glyma15g25020 3.90E-86 Gm15:26,167,024..26,168,019 Glyma13g22350 7.20E-64 Gm13:25,904,872..25,905,852 n/a 9.00E-42 Gm14:12,713,040..12,713,822
Soybean TBLASTX 4th Return Based on E-ValueArabidopsis Thaliana Chromosome 4 Soybean TBLASTX 1st Return Based on E-Value Soybean TBLASTX 2nd Return Based on E-Value Soybean TBLASTX 3rd Return Based on E-Value
NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED
NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED
NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED NO REGIONS IDENTIFIED
  
 
5
1
 
Figure 6.  A. thaliana IRT1 (Rogers et al. 2000)
1
 
  
 
  
                                                 
1
 Glu-103 replacement with alanine transports Fe, Mn and Cd, but not Zn. 
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